Summary -Bursaphelenchus populi sp. n. is described from dying and dead aspen trees, Populus tremula, in Poland. The nematode was found in trees infested with a long-horn beetle, Saperda perforata, and is vectored in the insect haemocoel. The characteristic morphology of male spicules, extended anterior vulval lip, lateral fields with four incisures, and number and arrangement of male caudal papillae, place B. populi sp. n. in the xylophilus group. Bursaphelenchus populi sp. n. can be separated from all other species in that group by the distinctive vulval flap, which is always bent with its distal half sunken in a conspicuous, sharp depression posterior to the vulva, and other morphological and morphometric characters, i.e., female tail shape, excretory pore position, spicule length (32.1 (25.7-37.0) μm (as measured along arc) and shape, and a relatively long (i.e., L = 1020 (909-1111) μm in females), and L = 850 (756-1055) μm in males), and slender body (a = 45.4 (40.2-52.4) and 42.0 (36.1-49.3) in female and male, respectively). The status of the new species is confirmed by the unique molecular profile of the ITS region (ITS-RFLP). DNA sequencing and phylogenetic analysis of 28S rDNA region placed the new species close to B. fraudulentus in the xylophilus group. In vitro cross-breeding of the new nematode with B. xylophilus, B. mucronatus, B. fraudulentus and B. doui revealed full reproductive incompatibility between these species. In laboratory experiments on 2-year-old seedlings B. populi sp. n. was specific to aspen. It did not develop on pine or oak and reproduced only in weakened or dead aspen seedlings. No pathogenicity to the tree host or vector insect was observed. In Botrytis cinerea PDA cultures, body dimensions were significantly altered in both sexes and female tail morphology differed when compared to individuals extracted from aspen wood.
The economic significance of the pine wilt nematode, Bursaphelenchus xylophilus (Steiner & Buhrer, 1934 ) Nickle, 1970 , as a devastating pest of pine in Far East Asia and its recent spread to new localities in Portugal (Mota et al., 1999) together create a serious threat to coniferous forests in Europe and in other susceptible areas worldwide. The morphological similarity of this nematode to other species from the genus Bursaphelenchus, and particularly to those from the xylophilus group, has rendered its taxonomic identification difficult for quarantine services. However, in the last decade, the combined use of both morphological and molecular methods has improved diagnostic precision and as a consequence has facilitated the description of a number of new taxa within the genus. So far, ten species have been placed into the xylophilus group (Braasch, 2008) , cording to recent suggestions by Braasch (2008) , it seems to be identical to B. kolymensis.
Both B. mucronatus and B. fraudulentus are relatively common in Poland on pine (Pinus silvestris L.) and oak (Quercus robur L.), respectively. Our survey of nematode parasites and associates of wood-inhabiting insects on other tree species revealed an interesting population of B. fraudulentus-like nematodes in wood and bark samples taken from dead aspen (Populus tremula L.). Surprisingly, individuals of that population, which was designated as Bursaphelenchus sp. PL-03, were unable to produce offspring in diallelic cross-breeding with other isolates of B. fraudulentus. Our subsequent detailed study on individuals of Bursaphelenchus sp. PL-03 reared both in aspen and on B. cinerea/PDA cultures revealed a series of morphological, molecular and reproductive differences between this isolate and B. fraudulentus. The research reported here provides the account of our taxonomic and bionomic studies on the Bursaphelenchus sp. PL-03 isolate, which we consider as a new species, proposed herein as B. populi sp. n.
Materials and methods

ISOLATION AND MORPHOLOGICAL EXAMINATION OF NEMATODES
The research was conducted on the Bursaphelenchus sp. PL-03 population of a B. fraudulentus-like nematode originally isolated in 2001 and periodically re-isolated on other occasions from dying or dead aspen trees (P. tremula) growing in a small stand within an urban forest in Poznan, Poland. Trunks of these trees were usually concurrently infested with long-horn beetles, buprestids and, occasionally, with other wood-inhabiting insects, mainly bark beetles. Samples of wood and bark with phloem were collected separately, chopped into small pieces, and subjected to nematode extraction in water on 18 cm diam. sieves with a mesh size of 0.2 mm. Subsamples of live males and females were transferred to laboratory cultures of Botrytis cinerea on PDA media for further rearing, while the remaining individuals were processed for detailed morphological analysis.
For the morphological analysis, adult nematodes were picked with a fine pipette or mounted eyelash, placed on a glass slide, killed with gentle heat over a flame and examined morphologically in water mounts or processed further by fixation in TAF and gradual dehydration to pure glycerin (Seinhorst, 1959) for subsequent examination in permanent mounts. Morphological observations and all measurements were done on an Olympus BX50 microscope with Nomarski differential interference contrast optics. Micrographs were taken with an Olympus C7070 digital camera. Forty randomly picked individuals were examined for each morphological category. Male spicule length was measured along the arc (Ryss et al., 2005) .
MOLECULAR CHARACTERISATION
The DNA samples of B. populi sp. n. were extracted from nematodes reared both in aspen wood and on B. cinerea PDA cultures following the method described by Iwahori et al. (1998) , with minor modifications, namely, the composition of lysis buffer was 100 mM Tris, pH 8.5, 100 mM NaCl, 50 mM EDTA, 1% SDS, 1% β-mercaptoethanol, 100 μg ml −1 proteinase K per 100 μl buffer. Before incubation the mixture was frozen at −80
• C for 40 min. Different sets of primers were used for PCR reactions of each examined region of rDNA. For amplification of the ITS1 and ITS2 rDNA regions the forward primer F194 5 -CGT AAC AAG GTA GCT GTA G-3 (Ferris et al., 1993) and reverse primer 5368r 5 -TTT CAC TCG CCG TTA CTA AGG-3 (Vrain, 1993) were used. Amplification of the D2/D3 region of 28S rDNA was done with the forward primer D2A 5 -ACA AGT ACC GTG AGG GAA AGT TG-3 and reverse primer D3B 5 -TCG GAA GGA ACC AGC TAC TA-3 (De Ley et al., 1999) .
For ITS-RFLP analysis, a ribosomal DNA section containing the ITS1 and ITS2 regions was amplified by PCR as described by Burgermeister et al. (2005) . The obtained PCR products were purified according to the protocol provided by the manufacturer (Qiaex II Gel extraction kit, Qiagen, Hilden, Germany). Suitable aliquots of the amplified DNA were digested with 3 units of the restriction endonucleases RsaI, HaeIII, MspI, HinfI and AluI. Restriction fragments were resolved by electrophoresis in 2% agarose gel using TBA buffer, stained with 1 μg ml −1 ethidium bromide and photographed under UV light.
The ITS-RFLP profiles of B. populi sp. n. were calculated based on the DNA base sequence of the ITS region by using the restriction site/fragment lengths analysis of the computer program BioEdit Sequence Alignment Editor v. 7.0.5.3.
For rDNA partial sequences of B. populi sp. n., PCR products were cloned into pGEM-T easy vector (Promega, Madison, WI, USA) and used to transform into DH5α Escherichia coli cells for further sequencing. Nucleotide sequences were determined (IBB, Warsaw, Poland) and contigs assembled using the SeqMan program from the Dnastar software package (DNASTAR, Madison, WI, USA).
The molecular phylogenetic status of B. populi sp. n. both within the genus and within the xylophilus group was determined using the program ClustalX for multiple sequence alignments. Automatic alignment was then manually improved in order to eliminate improper phylogenetic signals. Phylogenetic trees were generated using Phylip by neighbour-joining (NJ) and maximum parsimony algorithms. The maximum likelihood tree was calculated with the PhyML program and the Bayesian tree with MrBayes. The substitution model for Bayesian and ML analysis was chosen by the Findmodel program. All trees were used to create a consensus phylogenetic tree using a consensus program from the Phylip package. The species names and GenBank accession numbers of the sequences compared to B. populi sp. n. are shown in the phylograms.
REARING OF NEMATODES ON B. CINEREA ON PDA AGAR PLATES
Depending on the ultimate purpose, three types of in vitro cultures were used. For examination of the morphological trait stability of the nematode the cultures were initiated by individual, mature females extracted from wood samples. Rearing was conducted in 7 cm diam. Petri dishes half-filled with a sterile 2% agar. After solidification of the agar, a 5 × 5 mm piece of mature B. cinerea culture on PDA was added to the centre of the agar surface. A single female nematode was then transferred with a mounted eyelash to each plate and allowed to develop and reproduce at 20 or 25
• C for at least 14 days. In this method the piece of B. cinerea culture served as a food source for nematodes, while the agar base provided necessary moisture (the pure agar does not support good growth of the fungus). Thus, the partially transparent media allowed us to conduct observation of nematodes during their development. As all female nematodes originated from the crowded wild population, at least a proportion was assumed to be impregnated and ready to produce a new generation offspring. The cultures were periodically examined under a dissecting microscope and, when justified, individual nematodes removed for detailed examination under a compound light microscope. At least 30 individual cultures were set for each examined batch of the extracted nematodes.
Identical rearing plates were used for intra-and interspecific cross-breeding of the nematodes. In this part of the research, pairs of juveniles (J3/J4), i.e., one each from each parental population, were transferred with the mounted eyelash to the agar surface in individual plates. In the cross-breeding experiments performed, individuals of the Bursaphelenchus sp. PL-03 isolate were crossed with four B. fraudulentus isolates from Poland (PL-01 and PL-07) and Germany (Helmstedt and H26), two isolates of B. mucronatus (Mdz-01 and UKR-02 -both of European genotype) from Poland and Ukraine, respectively, and with a single isolate of B. xylophilus (China) originating from Nanjing, China. Since our molecular analysis revealed a close phylogenetic relationship of B. populi sp. n. and B. doui, a series of similar diallelic crosses was also performed between these species in order to examine their potential reproductive compatibility. En masse rearing of nematodes required for subsequent inoculation of tree seedlings was done in 7 cm diam. Petri dishes with a 7-day-old culture of B. cinerea grown on PDA. Initially, about 30 wild adult individuals of the nematode were picked from the aspen wood extract and, after additional microscopic examination, transferred to growing plates. The cultures were then incubated at 20-25
• C for 14-21 days. For inoculation of subsequent cultures the nematodes were washed off the original plate and 100-200 adult individuals were transferred with a pipette onto fresh B. cinerea/PDA plates. The cultures were incubated as previously. Before experimental use, all nematodes were washed off the plates with distilled water and the suspension concentrated by sedimentation.
IN VIVO REARING OF NEMATODES IN TREE SEEDLINGS
In order to examine the ability of the Bursaphelenchus sp. PL-03 isolate to develop on various species of host plants, the nematodes were transferred to 2-year-old seedlings of aspen (P. tremula), oak (Q. robur), or pine (P. silvestris) grown in 18 cm pots. Initially, two separate pilot trials were conducted with B. populi sp. n. obtained from en masse rearing in vitro on B. cinerea/PDA plates and also from freshly extracted nematodes from aspen wood samples. For nematode inoculation an upside-down U-shaped wound was made with a scalpel in the bark of the seedling's stem, ca 10 cm above ground level. Circa 1000 nematodes at various developmental stages, and in 30-50 μl of distilled water per plant, were pipetted into a small cotton plug inserted into the wound. After injection the wound was sealed with parafilm to protect water in the cotton plug from evaporation. In pilot experiments the wound was made as small as possible and covered less than one-third of the stem circumference. However, after the initial series of unsuccessful inoculations of vigorous seedlings, the main experiment was conducted on mechanically weakened seedlings with a trimmed crown and relatively large inoculation wound, which extended to over three-quarters of the stem circumference. In each experiment, five seedlings of pine, oak and aspen were used for inoculation with B. populi sp. n. and the same numbers used for the control where seedlings were subjected to a identical treatment with the exception of the nematode inoculum. After 1 month of incubation at 20-22
• C the stems were cut into 4 cm sections, each section being separately chopped into 5 mm pieces and immersed in distilled water for nematode extraction. The presence of living nematodes and their position in the stem were recorded after 24 h extraction. In addition, juveniles and adults of the new nematode generation extracted from the seedlings were examined morphologically under a compound microscope equipped with Nomarski optics.
As all subpopulations of Bursaphelenchus sp. (PL-03) reared in vitro showed similar changes in morphology when compared with the original population extracted from wood samples, additional, detailed observations were done on the morphology of the in vitro-reared nematodes after their return and single passage through seedlings of aspen -the original host tree species.
IDENTIFICATION OF B. POPULI SP. N.
NATURAL VECTORS
As nematodes from the genus Bursaphelenchus require effective vectors for successful colonisation of a new tree host, it was of interest to learn which of the insect species associated with the nematode-infested trees could actually perform this function. In order to identify the vector(s) of B. populi sp. n., all adult beetles, which had emerged from field-collected (and subsequently stored in the insectary) aspen logs, were dissected. After decapitation, the insects were individually dissected in M9 buffer (Sulston & Hodgkin, 1988) . All body parts which could potentially serve as hiding sites for the nematodes, i.e., thorax and abdomen surface, internal surface of elytra, trachea, haemocoel and genitalia, were inspected for the presence of dauer juveniles with characteristic structures, such as aphelenchoid bulbus and head shape. All nematode juveniles extracted from the dissected insects were transferred to B. cinerea/2% agar plates (as described above) and reared at 25
• C for at least 2 weeks to initiate dauer recovery and development of adults to assist identification.
STATISTICS
Differences in individual morphometric characters between adult B. populi sp. n. extracted from wood samples and those reared in vitro in B. cinerea cultures were examined using Student's t-test (for all direct measurements) and the Kruskal-Wallis test (for ratios: a, b, c, c and V%) at the significance level 0.05. Data obtained in experiments on nematode reproduction in pine, oak, and aspen seedlings were normalised through logarithmic transformation and subjected to ANOVA using Tukey's multiple range test (P = 0.05).
Results
ISOLATION AND MORPHOLOGICAL EXAMINATION OF NEMATODES
So far, the newly described nematodes have been isolated only from aspen, P. tremula. In the examined forest stand they are widely distributed in the trunks of dying and recently dead older trees. The nematodes could be periodically re-isolated from the same host trees for at least 1 year following the tree's decline or death. A mixture of all developmental stages of B. populi sp. n. was present in samples of both the bark with phloem and wood, with no clear preference to any of these niches. Most nematodes were extracted from samples taken in the vicinity of larval galleries of Saperda perforata Pall. (Coleoptera: Cerambycidae). Despite earlier records of aspen and black poplar infestation with B. fraudulentus (Rühm, 1956) , no B. fraudulentus was found in the examined trees, although this species was frequently present in neighbouring oaks.
The characterised population was also successful in continuous rearing on B. cinerea/PDA plate cultures at 20-25
• C, provided that the nematodes were periodically transferred to fresh rearing medium. The whole mature culture or nematodes extracted to distilled water could also be stored from a few weeks up to 8 months at 1-4 • C. Detailed morphological and molecular analyses of nematodes isolated from the aspen wood and bark samples, and subsequently reared on PDA/B. cinerea cultures, revealed that the isolate designated as Bursaphelenchus PL-03 represented a new species. We propose to name this species B. populi sp. n. Table 1 .
Bursaphelenchus populi
* sp. n. (Figs 1, 2A-L) MEASUREMENTS See
DESCRIPTION
Female
Body elongate, cylindrical, ventrally arcuate when heat-killed. Cuticle finely annulated. Lateral fields with four incisures. Cephalic region high, offset by constriction. Stylet well developed, 15-17 μm long, slightly swollen at base. Median bulb oval. Pharyngeal gland lobe 4-5 body diam. long, dorsally overlapping intestine. Nerve ring located at 10-30% of body diam. posterior to median bulb. Position of excretory pore variable from level with anterior end of median bulb to just anterior to nerve ring. Vulva postmedian. Anterior vulval lip elongated, directed posteriorly to form a 9-12 μm long flap (i.e., 50-65% of body diam. as measured just anterior to vulva). Flap always bent with distal half sunken in a conspicuous, sharp depression located immediately posterior to vulva. Vagina at right angle to body axis or directed somewhat posteriorly. Ovary monoprodelphic, outstretched. Developing oocytes in two rows. Spermatheca elongated ovoid. Postuterine sac extending for 57-76% of vulva-anus distance. Ratio of post-uterine sac length to body diam = 7.1 ± 0.8 (6.0-8.1). Tail subcylindrical to slightly conoid. In individuals extracted from aspen wood, terminus broadly rounded or occasionally finely rounded with a small projection of variable shape, but in females reared in vitro on B. cinerea/PDA cultures, tail conoid, gradually tapering to finely rounded terminus, frequently elongated into a short, 1-2 μm projection.
* The specific epithet is derived from the genus of the tree host.
Male
Body ventrally arcuate with tail region sharply curved ventrally when heat-killed. Anterior region similar to that of female. Testis expanded anteriorly. Tail conoid, terminus pointed. Small terminal bursa present, broadly rounded in ventro-dorsal view. Spicules paired, large, 26-37 μm along arc, arcuate, with capitulum almost parallel to shaft axis. Ratio of spicule length along arc to its width measured posterior to rostrum = 6.6-8.1. Angle subtended between lines along capitulum and extending spicule = 54-65
• . Capitulum 8.8-10.9 μm long, slightly concave with small depression in middle region. Condylus rounded, rostrum elongated, pointed. Distinct disc-like cucullus present at spicule terminus, 1.5-2.0 μm diam. Distal fourth of spicule dorsal contour usually straight. Distinct short depression present slightly before cucullus. Seven caudal papillae arranged as follows: one pair of adanal ventrosublateral papillae, a single preanal ventromedian papilla just anterior to cloacal opening, two postanal pairs located ventrally and ventrosublaterally near base of bursa and almost at same level.
TYPE HOST AND LOCALITY
Isolated from a dead aspen tree, P. tremula, found in an urban forest at the Eastern edge of Poznan, Poland (GPS 52
• 24 49 N, 17
• 0 50 E). 
DIAGNOSIS AND RELATIONSHIPS
Bursaphelenchus populi sp. n. is distinctive by the body length of 1020 (909-1111) μm in female and 850 Bursaphelenchus populi sp. n. is closely related to species of the xylophilus group. It can be easily separated from all species in the other Bursaphelenchus groups that partially share the morphological characteristics of the xylophilus group. Species of the fungivorus group having four incisures in the lateral fields differ from the xylophilus group by the lack of a vulval flap. Species of the sexdentati group, also with four incisures, may have a small vulval flap, but the arrangement of the caudal papillae (i.e., a single papilla anterior to the cloacal aperture, one pair adanal and two pairs post-cloacal, one of which is located just anterior to the bursa and the other at the bursa) is clearly different from the xylophilus group where there is a single papilla anterior to the cloacal aperture, one pair adanal and a double pair at the base of bursa (see Braasch, 2001 Braasch, , 2008 . The presence of a cucullus on the spicule tips of some species of the sexdentati group may also make them similar to the xylophilus group. However, the two groups can be easily distinguished from each other by the overall shape of spicules, which in the xylophilus group are unique because of their large size, narrowly arcuate shape, contour of dorsal lamina angular in posterior third of its length, small rounded condylus and pointed rostrum vs much smaller and compact, contour of the dorsal lamina smoothly curved or angular at midpoint and condylus and rostrum well developed in the sexdentati group (see Braasch, 2001; Ryss et al., 2005) .
Female B. populi sp. n. extracted from wood samples can be separated from most other species in the xylophilus group by the subcylindrical tail with broadly rounded terminus and absence of a distinct mucro although a small projection, which is irregular in form or shortly conical rather than mucro-like, is sometimes present at the tail terminus. In these characters B. populi sp. n. resembles the non-mucronate form of B. xylophilus, which has a broadly rounded tail terminus, occasionally with a small conical projection (Mamiya & Kiyohara, 1972) . By contrast, in vitro-reared females of B. populi sp. n. have a conoid tail which gradually tapers to a finely rounded terminus and which is frequently elongated into a short, 1-2 μm long, projection vs the subcylindrical, broadly rounded tail with no mucro is present in both the wood-and in vitro-reared females of B. xylophilus. Both types of B. populi sp. n. can be distinguished from B. xylophilus by the position of the excretory pore which is located anywhere between the level of the anterior margin of the median bulb to just anterior to the nerve ring vs usually located at the level of nerve ring or somewhat posterior to this organ.
In the subcylindrical form of the female tail extracted from wood samples, B. populi sp. n. is also similar to B. fraudulentus, B. doui, B. kolymensis and B. mucronatus. Bursaphelenchus populi sp. n. reared in vitro differs from all of these species by the clearly conoid female tail.
Bursaphelenchus populi sp. n. extracted from wood samples differs from B. fraudulentus by the lack of a tail mucro, which in the latter species is usually distinct and ca 2 μm long. Bursaphelenchus populi sp. n. reared in vitro can be separated from B. fraudulentus by the conoid tail, gradually tapering to a finely rounded terminus or to a short, 1-2 μm long terminal projection. It can also be separated from B. fraudulentus by the length of the spicules, which are 26-37 vs 21-22 μm long (as measured along the arc), respectively (Rühm, 1956) .
Bursaphelenchus populi sp. n. differs from B. doui by the lack of a tail mucro in females extracted from aspen wood and by the very short, centrally located terminal projection on the tail of in vitro-reared individuals. In contrast, the terminal mucro of B. doui is distinct, 2-4 μm long, and ventrally located. The latter species has also larger spicules (34-43 μm long as measured along arc) (Braasch et al., 2004) .
Bursaphelenchus populi sp. n. can be separated from B. kolymensis by the presence of a distinct, 3.5-4.4 μm long mucro on the female tail of the latter species (Korentchenko, 1980; Magnusson & Kulinich, 1996) and from B. mucronatus by the distinct, 3-7 μm long mucro in the latter species (Mamiya & Enda, 1979; Braasch, 2008) . The morphology of the female tail also separates B. populi sp. n. from B. luxuriosae, which has a conoid tail gradually tapering to a narrowly rounded and ventrally bent terminus with an irregular dorsal surface (Kanzaki & Futai, 2003) .
Bursaphelenchus populi sp. n. can be distinguished from B. singaporensis by the smaller spicules, i.e., 26-37 vs 41-48 μm, as measured along arc (Gu et al., 2005) and from B. baujardi by the more slender body (a = 36-52 vs 25-36, respectively), short terminal projection in tail of in vitro-reared females or lack of terminal mucro in females isolated from aspen wood vs distinct hair-like mucro, and presence vs absence of swellings at the base of stylet (Walia et al., 2003) .
Bursaphelenchus populi sp. n. can be distinguished from B. macromucronatus by the presence of a long conical tail with a distinct, pointed, 2.5-6.5 μm long, mucro in the latter species and by the more slender body (a = 36-52 vs 24-39, respectively) (Gu et al., 2008) . Lastly, the new species differs B. conicaudatus by the more slender body (a = 36-52 vs 27-37), subcylindrical (wood-extracted individuals) vs conoid female tail and which on average is shorter (c = 21-27 vs 13-25) and wider (c = 3.2-4.3 vs 3.6-5.0) than in the latter species and by the larger spicules (26-37 vs 23-28 μm, as measured along the arc) (Kanzaki et al., 2000) .
Although not clearly stated in the original descriptions, several species of the xylophilus group have the dorsal rim of spicules concave in the distal fourth or third of its length (Fig. 2M ). This character was depicted in original drawings of B. fraudulentus (Rühm, 1956) , B. kolymensis (Magnusson & Kulinich, 1996) , B. singaporensis (Gu et al., 2005) and B. macromucronatus (Gu et al., 2008) and also in a micrograph of B. xylophilus (Mota et al., 1999) . Close examination of large populations of males revealed that such a concave rim is also present in all isolates of B. fraudulentus, B. mucronatus and B. xylophilus used in our study. By contrast, in B. populi sp. n. the distal fourth of the spicule dorsal rim was usually straight (Fig. 2L) ; a short depression is present only just before the cucullus. We therefore conclude that this character may also help to separate B. populi sp. n. from all the species listed above. Further research on other, geographically distant, isolates of B. xylophilus and B. mucronatus is, however, needed to confirm the universality of this character across populations of such widely distributed species.
Besides B. populi sp. n. and B. fraudulentus (Rühm, 1956) , three other Bursaphelenchus species, namely B. eremus Rühm, 1956 , B. idius Rühm, 1956 and B. xerokarterus Rühm, 1956 have been recorded in related trees belonging to the family Salicaceae (Ryss et al., 2005) . Bursaphelenchus populi sp. n. clearly differs from these species by the presence vs absence of a distinctive vulval flap in the female and presence vs absence of a cucullus on the male spicules and by spicule shape.
MOLECULAR CHARACTERISATION
Amplification of the ITS regions of B. populi sp. n. resulted in a PCR product of 980 bp. Restriction fragments produced by digestion of the PCR product with RsaI, HaeIII, MspI, HinfI and AluI are listed in Table 2 . Elec- trophoretic separation of restriction fragments resulted in a distinctive profile for the ITS-RFLP pattern (Fig. 3) which was different from those of other Bursaphelenchus species obtained with the same PCR primers and the same set of restriction enzymes (see Gu et al., 2008; Burgermeister et al., 2009) . The new species can be distinguished from other sequenced Bursaphelenchus species by its characteristic sequence containing complete regions of ITS1, 5.8S and ITS2, and partial 18S and 28S regions of rDNA. The DNA base sequences of B. populi sp. n. are deposited in GenBank with the accession numbers FJ888483 for 18S, ITS1, 5.8S, ITS2 and 28S and FJ998281 for the D2/D3 region of 28S rDNA.
Based on four molecular phylogenetic trees generated from partial 28S rDNA with Bayesian, maximum likelihood, neighbour-joining and maximum parsimony algorithms (Fig. 4) and the consensus tree based on these four algorithms (Fig. 5) 
Reproduction in vitro
Bursaphelenchus populi sp. n. can easily develop and reproduce on B. cinerea/PDA cultures. The new generation nematodes maintained an excellent vigour and high reproduction rate on a series of subsequent in vitro cultures. A detailed study on individual in vitro rearing of freshly extracted round-tailed females from aspen wood revealed that 56-77% of the nematodes were already impregnated and successfully produced new generation offspring. As expected, the reproduction rate was temperature-dependent and from a single female a population of 200±154 (57-364) nematodes developed at 20
• C and 869 ± 221 (653-1196) nematodes at 25
• C, within 14 days of rearing. In spite of continuous inbreeding, several subpopulations of B. populi sp. n., originally initiated by individual females, have been reared in vitro for over ten generations with no apparent negative effect on reproduction rate.
However, when B. populi sp. n. is reared in vitro the majority of body measurements and their ratios changed, as compared with individuals extracted from aspen wood samples. The measurements based on individuals obtained from in vitro culture, initiated by a population of 30 wild females and males of B. populi sp. n. randomly taken from wood extract, are given in Table 1 .
All the new generation females had a conoid tail with a finely rounded terminus, frequently elongated into a short projection (Figs 1L-N; 2I-J) . This character remained relatively stable in all subsequent nematode generations reared on B. cinerea/PDA plates.
Diallelic cross-breeding
Diallelic cross-breeding of B. populi sp. n. with selected isolates of B. fraudulentus (PL-01, PL-07, Helmstedt and H26), B. mucronatus (Mdz-01 and UKR-02), B. doui (Ne 9/06), and B. xylophilus (China) done in vitro on B. cinerea/PDA-2% agar plates did not produce any offspring. In contrast, 26-41% of intra-specific control crosses between individuals from the same isolate and between individuals from different isolates of the same species resulted in the production of viable offspring on the experimental plates. In these plates, adults of the new generation offspring were recorded after 7-10 days at 25
• C.
IN VIVO REARING OF NEMATODES IN TREE SEEDLINGS
In the pilot experiment, inoculation of vigorously growing aspen, oak and pine seedlings with B. populi sp. n. obtained from either in vitro rearing on B. cinerea or with those extracted from wood samples was unsuccessful. The nematodes could not develop and establish in any of the examined plants and most of the introduced individuals died within 30 days of the start of the experiment. No living nematodes were found in inoculated pine seedlings after the experiment. Only occasionally, a few B. populi sp. n. individuals were recovered from aspen, i.e., 7.8 ± 5.3 (2-16) and 6.4 ± 3.5 (3-12) of in vitro-and in vivo-reared individuals per plant, respectively, and oak seedlings, i.e., 5.0 ± 4.1 (1-11) and 4.8 ± 2.6 (2-8) of in vitro-and in vivo-reared individuals per plant, respectively. However, in these plants the nematodes remained in the site of their original placement (i.e., the cotton plug) with no further reproduction or dispersal. No apparent symptoms of any damage to health of the host plants were recorded.
A similar lack of further development of B. populi sp. n. was observed in pine and oak when seedlings were intentionally damaged by excessive wounding and crown trimming before the main experiment. No nematodes were recovered from pine, while in oak a few individuals, i.e., 6.8 ± 5.2 (0-14) per plant, were only extracted from the inoculation cotton plugs. Bursaphelenchus populi sp. n. did not penetrate into stems of these tree species. In contrast, in heavily damaged aspen seedlings development and reproduction occurred. The resulting populations dispersed outside the inoculation site. The nematodes could be recovered only from dead parts of the seedling stem up to 8 cm above and 4 cm below the inoculation wound. The mean number of recovered nematodes was 2210 ± 1594 (370-4680) per aspen seedling and these results significantly differed from those recorded in oak (F 1,8 = 81.58; P < 0.001).
Interestingly, after 30 days of the experiment, most of the nematode females extracted from aspen seedlings had a broadly rounded tail terminus and resembled wild individuals originally isolated from aspen wood samples.
IDENTIFICATION OF NATURAL VECTORS OF B. POPULI
SP. N.
Dissection of adult beetles that emerged from aspen logs in the spring revealed the frequent presence of nematode juveniles under the elytra or inside the haemocoel. Based on morphology of buccal cavity and pharynx, nematodes extracted from Agrilus sp. (Buprestidae), and oc- 
Fig. 4. (Continued).
Vol. 12(3), 2010 casionally from Xyleborinus saxeseni Ratz. and Anisandrus dispar F. (Curculionidae: Scolytinae), were identified as rhabditids. The greatest morphological diversity was observed among nematode juveniles extracted from S. perforata. Besides rhabditids, which usually formed one to several separate aggregations under the elytra and between the thoracic tergites, numerous, morphologically distinct, juvenile nematodes were also dissected from the beetle's body cavity. Nematodes with typical aphelenchoid dauer juvenile head morphology and distinct, partially flattened bulbus (Fig. 2N-O ) crowded inside the distal part of the insect abdomen in the vicinity of the genital organs. From a few to over 80 dauer juveniles could be extracted from an individual beetle. The morphology of dauer juveniles was distinctive by the body length of 559 ± 21.5 (535-600) μm, max. body diam. of 17.3 ± 1.4 (13.9-19.0) μm, a = 32.2 ± 1.6 (30.3-34.5), head broadly rounded, lip region only weakly offset and lips not distinct. Stylet, bulbus, other internal organs and anus were clearly visible only in some individuals but were otherwise completely obscured by granular body contents. The tail was narrowly conical and had a sharply pointed terminus. However, in all juvenile nematodes extracted from the wood samples or from in vitro cultures the lip region was distinctly offset and internal as well as external structures, i.e., stylet, bulbus, intestine, nerve ring and anus, were clearly visible. Transfer to B. cinerea/PDA-agar plates of dauer juveniles dissected from the haemocoel of S. perforata resulted in only 3-12% dauer recovery and their further development. All of these nematodes developed into adult B. populi sp. n. Microscopic examination of genitalia and gonads of the infested insects revealed no apparent effect of the nematode juveniles on development and morphology of these organs. Development of both oocytes and sperm was comparable to that in immature non-infested beetles.
The nematodes apparently invaded the host insect after its final moult from the pupal to the adult stage. Dissection of mature larvae and pupae of S. perforata extracted from pupal chambers in the spring (April-May) revealed no nematodes in their haemocoel. Dauer juveniles of B. populi sp. n. could be found only in adult beetles just before and during their emergence from the host tree in May.
Discussion
The xylophilus group comprises species which are genetically and morphologically most similar to the pine wilt nematode, B. xylophilus. As geographic distribution and economic significance of this pest is continuously growing, the quarantine requirements and threat of potential taxonomic misidentification has generated a substantial, worldwide, scientific interest for the whole group. In the last decade, the deployment of molecular methods has significantly improved taxonomic precision and has assisted in the identification of a number of new species in the xylophilus group. Surprisingly, despite the presence of Bursaphelenchus-rich communities of tree nematodes and the historical recognition of B. fraudulentus and B. mucronatus as native to Europe (Rühm, 1956; Baujard, 1980; Brzeski & Baujard, 1997; Braasch, 1998; Skarmoutsos et al., 1998) , all newly described species from the xylophilus group have been isolated only from Asiatic regions (Kanzaki et al., 2000; Kanzaki & Futai, 2001 Walia et al., 2003; Braasch et al., 2004; Gu et al., 2005 Gu et al., , 2008 .
The results reported here provide evidence that B. populi sp. n. clearly belongs to the xylophilus group. The morphologically-and reproductively-based taxonomic separation of B. populi sp. n. from other species of the group and genus is also supported by our results from the detailed molecular analysis. Bursaphelenchus populi sp. n. presented a unique molecular pattern of the ITS region (ITS-RFLP). Sequencing and construction of phylogenetic trees based on the D2/D3 region of 28S rDNA gene clearly separated B. populi sp. n. from the remaining species of the xylophilus group and also from the other groups, and corresponded well with results obtained in the morphological analysis. These findings also support the view that the D2/D3 expansion region is an ideal region for phylogenetic studies of nematodes (LiQin et al., 2007) . Therefore, together with B. fraudulentus, B. xylophilus, B. mucronatus, B. kolymensis, B. conicaudatus, B. luxuriosae, B. baujardi, B. doui, B. singaporensis and B. macromucronatus, B. populi sp. n . is the 11th known species of the xylophilus group and, if we consider the recent synonymisation of B. mucronatus European type with B. kolymensis (Braasch, 2008) , the fifth species of this group to be reported from Europe. Three other species, which were earlier placed in the xylophilus group, namely B. abruptus Giblin-Davis, Mundo-Ocampo, Baldwin, Norden & Batra, 1993 from North America, B. crenati Rühm, 1956 from Europe, and B. eroshenkii Kolossova, 1998 from Asia (Ryss et al., 2005) , have been recently removed from this group, based on differences in specific morphological characters, such as position of caudal papillae, number of incisures in lateral fields, and presence of a vulval flap (Braasch, 2008) . In the case of B. abruptus the removal was further supported by molecular and bionomic differences (GiblinDavis et al., 1993 (GiblinDavis et al., , 2005 Braasch, 2008) .
So far, B. populi sp. n. has been isolated only from trunks of dead or dying aspen, P. tremula. According to a previous report, aspen and the closely related black poplar, P. nigra, may be infested with another species, B. fraudulentus (Rühm, 1956) . Interestingly, in the examined forest stand B. fraudulentus was not found in aspen, despite the frequent presence of this species in neighbouring oaks. These observations provoke the following questions: i) is the B. fraudulentus described by Rühm (1956) really the same species reported later by other authors from oak, beech, birch, cherry, alder and pine (Schauer-Blume & Sturhan, 1989; Braasch et al., 1995; Schönfeld et al., 2001) Rühm (1956) , clearly present similar morphological characteristics that separate them from B. populi sp. n. The differences are mainly in the morphology of the female tail and vulva region and male spicules. In the spicules, all populations designated here as B. fraudulentus share a distinct elongate depression (concave dorsal rim of spicules at the final third of the spicule length) close to a sharp depression present before the cucullus. In B. populi sp. n. the spicule border is almost straight in this region. These characters are compared in Figure 2L and 2M of the present paper. In B. populi sp. n., the female tail, which is subcylindrical with a broadly rounded terminus and lacking a mucro in individuals extracted from wood samples, or conoid, gradually tapering to a finely rounded terminus in individuals reared in vitro, clearly differs from the subcylindrical tail bearing a distinct, ca 2 μm long, mucro present in all examined populations of B. fraudulentus, including that depicted in Rühm's (1956) drawings. Another difference between both nematode groups lies in the position and shape of the vulval flap, which in most individuals of all populations referred to as 'B. fraudulentus' is almost parallel to the body line with no or only a slight curvature of the distal third towards the body wall. In B. populi sp. n., the vulval flap is always clearly bent with its distal half sunken in a conspicuous, sharply defined depression posterior to the vulva (as shown in Figures 1E , 1F and 2F of this paper). In B. fraudulentus, the vulva and flap may be somewhat deformed in older, egglaying females, but in B. populi sp. n. this characteristic is constant and distinctive to all females, including young adults.
In this context we conclude that B. populi sp. n. is therefore a different species to Rühm's B. fraudulentus from aspen and the most probable mechanism that prevents dispersion of B. fraudulentus to aspen trunks in the forest we studied is the lack of an appropriate insect vector ca-pable of infesting both oak and aspen. However, in Europe, there are several species of cerambycids, such as Saperda scalaris L., Leiopus nebulosus L. (Lamiinae) and Plagionotus arcuatus L. (Cerambycinae), that are relatively common in oak and which can also infest other tree species, including poplar (Sama, 2002) . We have found these insects associated with trees colonised by B. fraudulentus, although further study is necessary to elucidate whether they can transmit B. fraudulentus.
Abundance of the field-collected material allowed us to trace the association of B. populi sp. n. and its vector insect in nature. So far, the only confirmed vector of B. populi sp. n. is S. perforata, a long-horn beetle (Coleoptera: Cerambycidae) from the subfamily Lamiinae. Interestingly, in cases when the insect vectors are known, beetles from this subfamily are frequent natural vectors of nematodes belonging to the xylophilus group, i.e., B. xylophilus (Enda & Mamiya, 1972) , B. mucronatus (Mamiya & Enda, 1979) , B. conicaudatus (Kanzaki et al., 2000) , B. luxuriosae (Kanzaki & Futai, 2003) and B. doui (Kanzaki et al., 2008) . Kanzaki and Futai (2001) suggest a close coevolutional relationship between nematodes of this group and long-horn beetles from the subfamily Lamiinae.
Bursaphelenchus populi sp. n. has a limited range of tree hosts and could not develop in pine or oak. The species was not pathogenic to aspen, its original tree host. Only heavily injured aspen seedlings supported further development of the nematode with reproduction and dispersion within the stem. These findings correspond with observations made in the field, where the nematode natural vector, S. perforata infests trunks of older dead or dying aspen trees only, and where B. populi sp. n. was present in the vicinity of the larval galleries of the beetle.
A wide range of variation has been reported in both the form of particular characters and in morphometrics of several Bursaphelenchus species (Mamiya & Kiyohara, 1972; Bolla & Boschert, 1993; Brzeski & Baujard, 1997; Kanzaki et al., 2008) . In most cases this can be attributed to intra-specific genetic variation and, particularly in such species as B. xylophilus and B. mucronatus, related to their widespread geographic distribution. As documented in B. seani, rearing conditions may also affect development and morphometrics of Bursaphelenchus (Giblin & Kaya, 1984) . The distinctive morphological differences observed between individuals of B. populi sp. n. extracted from aspen wood and those reared in B. cinerea/PDA cultures clearly indicate that nematode morphology is environmentally dependent. The tail morphology of subsequent generations of females changed between the round and mucronate forms with the nematode transfer from aspen wood to B. cinerea/PDA cultures, and reversed to the wild form after their introduction into the tree seedlings. Moreover, most morphometric characters also changed and the overall body dimensions of nematodes reared in B. cinerea/PDA cultures were reduced when compared with those of wild individuals extracted from the host tree. These findings, supported by identical molecular (ITS-RFLP) patterns of conspecificity in individuals with both rounded and pointed tails, suggest that rearing conditions in the host tree (aspen) wood and in B. cinerea/PDA cultures are not really comparable for B. populi sp. n. Such a differential morphological response to environment seems to be more common among species of Bursaphelenchus. We have frequently observed similar effects when culturing B. fraudulentus and B. mucronatus (Tomalak, unpubl.) and we therefore believe that, for taxonomic purposes, it is advisable to obtain measurements of individuals extracted from the natural host tree and to support these with data from individuals reared in plate cultures on an appropriate fungus. If this is not done, then differences in morphology and morphometrics may lead to misidentification.
